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NOMENCLATURE 

atontlo weight of anode material in gm. 
side of a square mesth, 
the capacitance# 4 P. 

Paraday's constant# 96500 Coulombs, 
step height 

coordinates of any arbitrary point* 

current density Amp/cm . 

conductivity of the electrolyte itiho/cm 

cyLiatdrical coordinates . 

th^s' ' electrical resistance# ohm 

duty cycle of machining for 
Section 1# 2 and 3. 

voltag’e applied to the anode. 

valence of dissolution 

potential 

density of the anode# g/cra' 
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ABSTRACT 


Recently, the new concept of using composite 
programme controlled ECM tool to produce different work- 
shapes, has been proposed (l). In the present work 
theoretical analyses have been conducted to predict the 
anode shapes generated by the composite ECM tool, with 
controlled duty cycle* A computational algorithm for 
each of the following two tools has been developed* 

1* An annular composite tool. 

2, A square composite tool having a matrix of 
square elements. 

An experimental work involving the annular 
composite tool has been conducted to study the feasibility 
of the procediore. It is found that the work-geometries 
obtained depend on the duty cycles of the vatious .■ I.-'-' 

sections - of the composite tool and the concept of 
using composite programme controlled ECM tool is practi- 


cable 



CHAPTER-1 


INTROroCTION 

Electrochemical machining was initially introduced 
to machine those alloys, which are high strength and heat 
resistant materials. This "Drocess found its genesis in 
the electrolysis process, whose laws were established 
by Faraday in 1333. In electrochemical machining, the 
process of electrolytic dissolution takes place at the 
anode (wrlcpiece) . A suitably shaped cathode forms the 
tool. The tool and the wortoiece are kept separated by 
a very small distance, filled, with flowing electrolyte. 

A high current is required to affect the material removal 
at a reasonable rate. 

ECM process can often be used to produce coirplex 
shapes by suitably shapir^ the cathode (tool) . As men- 
tioned earlier, due to the absence of any of the mechardcal 
forces, this process off^s excellent opportunity to 
machine hard and tough materials. ECM has also been 
known to produce a stress free surface. Ihis process 
has found popularity in the Aerospace and many other 
modem industries and it is generally used for cavity 
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sinking, drilling, trepanning, sawing, cutting off and 
honing . 

Anodic shapirg under the known machining condi- 
tions is one of the fundamental proTolems which confronts 
the researchers. But the actual problem, i.e« the deter- 
mination of a required tool shape for producing a pres- 
cribed workgeometxY/ is a more difficult probl^ti. The 
lack of progress in solving this problem has resulted in 
empirical and other cut and try methods. 

MoGeough et al./(2) suggested a perturbation 
technique to describe the electrochemical shaping when 
the amplitude of shapes on the cathode and the anode 
are anall compared to the inter electrode gap. Though 
this method also solves the overpotential problem, it is 
restricted by the small size it can handle. Another 
method which was suggested by CJollet et al.,(3) is based 
on the solution to the Laplace's equation by complex 
variable method. But •the theoretical results are not 
always in good agreement with the experimental results. 
This may be due to the fact that the effects of tne flov; 
of electrolyte and the overpotential are not taken into 
consideration. Tusuei and Tipton (4) have given the 
cos e'' method which can be used yielding good results 
for gentle shapes. The cos © method can be applied where 
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the electric field can be assiJmed to be normal to ihe 
surfaces of electrodes. Hewson and BroxTO (5) extended 
the work of Collet et al./ and employed the method of 
conformal ma®>ping for the analysis of the two dimensional 
problems. Jain and Pandey (6) have worked on the applica- 
tion of Finite Element Technique to design analysis of 
ECM tools. The results obtained have a good correlation 
with the experimental results- The recent works have 
shown that the best results seem to be offered by the 
numerical method s- 

1.1 PRESENT WORK: 

Prom the above literature it is apparent that 
the earlier theoretical models involve a tedious trial 
and error process to determine the final tool shape. 
Moreover / different tools are required tD generate diffe- 
rent shapes. It has been recently suggested (1,7, and 3) 
that a sii^le composite pto gramme- control led (CPC) ECM 
tool may produce different xrorkshaoes by controlling the 
tool surface potential. The objective of the present xTOrk 
is to study the various shapes produced by such a tool 
with prescribed cathode potential control. The tool 
sxirface is given uniform potential. But the variations 
in the xvorkgeometry are achieved by controlling the duty 
cycle of each section independently- 
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A theoretical analysis has been developed by 
devising a ooirputational algoriidim for predicting the metal 
renoval rate and worksurface produced under the following 
conditions - 

(1) A suitable potential is applied to the three 
annular sections of a cylindrical composite tool 
for different inte3rvals of time, 

(2 ) A suitable potential is applied for different 
intervals of time to the elements of a square 
composite tool having a matrix of square elements 
insulated for each other. 

Some simple experiments were also conducted for 
the annular composite tool. The objective of these expe- 
riments were to study the feasibility of the theoretical 
work. 

However, this is a preliminary attenpt to inves- 
tigate into different aspects of this suggested new 
approach, A meaningful hardware implementation of sugges- 
ted idea will require quite elaborate facilities and 
significant funds. Thus, it is beyond the scope of the 
present thesis. 



CHAPTER-2 


THEORETICAL ANALYSIS 

2.1 INTRODUCTION: 

Electrochemical machining utilizes a tool (cathode) 
hept at a uniform potential with respect to the workpiece 
(anode) . When this is a formed tool, a complonentary 
surface is supposed to be cut on the workpiece through 
electrolytic dissolution. But there are some limitations 
in using a formed tool, forenost being that a single tool 
produces only one work- geometry. . 

A theoretical analysis has been presented in this 
section for the plane composite cathodes* Each section of 
the CPC tool is given voltage for different time interval. 
The composite tools which have been considered are as 
follows: 

(1) An axi symmetric cylindrical composite tool with 
annular sections (Pig. 2.11). 

(2) An eight by eight matrix of square and identical 
elements (F ig . 2 . 12 ) . 

The above concept of the composite tools using 
different duty cycle for each section to machine a f canned 







Fig. 2.12 Square composit tool 
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s\irface can be explained by a simple example (Fig* 2.13). 

The tool corrprises of two sections A and B, Hiey are 
properly insulated from each other by a thin lamina. The 
workpiece (anode) is kept at a uniform potential with respect 
to both the sections. But on— time for both the sections vary. 3 
it wereT^ for A and T^ for B and T^ > T^ then greater 
amount of machining will take place under the section B. 

The worksurface produced will be as shown in Fig, 2.13. 

By controlling the duty cycle in each section, the step 
height can be varied. 

2.2 CASE 1: ANNULAR COMPOSITE TOOL; 

As mentioned earlier, this work is concerned with 
the prediction of the worksurface produced by the composite 
tools. The analysis for the cylindrical tool which gene- 
rates axisynaetric sxirfaces follows first. 

In order to theoretically predict the workshapes 
generated by the composite tool, first it is necessary to 
obtain the potential distribution across the electrodes. 

The potential distribution across the electrode gap can 
be obtained by solving the Laplaces e/piation (2.22) for 
given boundary conditions. 

The Laplaces equation has been solved by usii^ 
the finite difference method. A Fortran programme has 
been developed to complete tiie iterations involved. The 
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change in the configuration of the wofflcsurf ace is obtained 
from the Paraday's law. The iterations are repeated till 
the configuration reaches a steady state*. 

In electrochemical machining, the dissolution 
of the anode for a small time interval is given byt 

2*21 

Y w 

where 

2 

J «r current density in amps/cm (—kg rad 0). 

A s= the atomic weight in grams. 

Z = the valence of dissolution. 

= the density in g/cc of anode material, 
k =: the conductivity of electrolyte in rriho/cm. 

^ = potential in volts. 

P = the Faraday's constant. 

To find out grad 0 , the evaluation of the poten- 
tial distribution is required. Numerical solution to this 
problem requires specification of the coordinates of both 
the cathode and the anode* These coordinates can be 
defined in terns of an ec[uispaced rectangular mesh (Pig. 
2,21). The grid points of this mesh are defined by the 
coordinates (i, j) (Pig. 2,21). A suitable scale# in 
terms of the mesh spacing is chosen for the cathode and the 

» However# it should be noted that a steady state can 
not be obtained when no feed is given to the tool. 




(a) Development of Fimt# Di 
with a point' Q#,j) ' 

{ b) Sect Ion of the ■ Bl^ct rOcle 






12 


anode shapes. The potential field in the space between 
the electrodes can be evaluated by solving the Laplace^ s 
equation (2.22) for the specified boundary conditions. 

The Laplace's equation for the axisyinmetric case 
(when the tool is cylindrical in shape^ Fig, 2.11 can be 
written as; 



where 0 is the potential and r, z are the cylindrical 
coordinates. 

The simplified form of the equation (2,22) in 
the finite difference form can be expressed as follows: 

[0(i,j+l) +0 (i,j-l) + 0 (i + 1/j) +0 (i+1, j ) ( l+l/2i) 

+ 0 (i-1, j) (1 - |j)] / 4 = 0 (i,J) -- 

2.23 

Here 0 (i/j) is the value of the potential on 
any grid point ( i , j ) . 

The details of the derivation of this equation 
is given in Appendix (a). It is obvious that if the 
potential at the four neighbouring points are kixiwn, then 
the potential at a point can be estimated. 

The boundary oonditions in this case are specified 


as follows: 
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(l) Hie potential at the grid points on the cathode 

surface is fixed as 0 volts. 

( 2 ) The potential at the grid points on the anode 
boundary is fixed at some suitable value 

(10 V for the present case). 

( 3 ) dv/dr = 0, at r = 0 and r = R/ this condition 
is satisfied by using the mirror symmetry. 
Thereby setting the values of potentials at the 
grid points on the sides of AB and EF of the 
rectangular mesh Pig. 2.22. 

( 4 ) dv/dy' = O in the segment which is not connected 
at that particular time interval. 

An initial value of ^ is assumed for the grid 
points, excluding the grid points on the anode and the 
cathode. Using the above boundary conditions and initial 
values, the following equation is made to satisfy. 

0 (i,J+l) + 0 (i,j-l) + 0(i+l,j) (l+l/2i) 

+ 0 (i-l,J)(l - l/2i) - 40 (i,j) = R 

2.24 

Here R is the value by which the left hand side 
of the equation (2.23) differs from zero. The maximum 
value of R gives ihe measure of the deviation of the 
solution from the correct solution. The required solu- 
tiori is obtained by minimizing the value of R in each 


itetation. 




Fig. 2.22 Bouodary Conditions tor Axkymmctric case. 
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Once the potential distribution across the 
electrodes is known, the amount of metal dissolution can 
be obtained by using equation (2.21). A new anode boun- 
dary anerges after each cycle. Then, the equipotential 
boundary of the anode may intersect the vertical lines 
of the mesh at the points P, T and R as shown in 
Pig. 2.21. It can be seen that these points are not the 
regular grid points, and the above finite difference 
equation can rot be directly employed. The potential at 
Q is found by linear interpolation using the values at 
S and T. The potential at the other points are found by 
using equation (2,21). 

The amount of the dissolution of the anode 
material is computed for a finite time interval . Then 
the anode boundary is moved by a distance determined by 
the distribution of the material dissolved. The cathode 
surface is also moved as a rigid body by an amount speci- 
fied by the feed. The same procedure is repeated till 
the change in the anode shape becomes negligible. 

All the above steps, which are necessary to 
compute the material removal rate and the anode boundary , 
have been incorporated in a programme using Fortran-IV , 
The flow charts# illustrating the programme are as shown 
in the Figs, 2,2 3, 2,24 and 2,25. 
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In the present analysis tiie annular composite 
tool (cathode) was kept at zero volts* And the circular 
workpiece (anode) was given a voltage of lO volts* The 
composite tool was separated from the anode by an initial 
gap of 0.5 mm. 

Then by varying the machining times applied 
to the sections 1, 2 and 3 (Fig. 2* 11), different work- 
geometries have been obtained, 

(i) In this case the voltage applied to all the 

sections was 10 V. But the duty cycles for the segments 
1,2 and 3 were 9 sec., 6 sec, and 3 sec., respectively. 

Thus the total duty cycle was fixed as 18 sec. The 

2 

initial gap was divided into a mesh of size 0.1 x 0,1 mm , 
Pig. 2.22. The above data was fed to the programme to 
determine the amount of dissolution under each segment. 

The new anode boundary obtained formed a new boundary of 
the region between the electrodes. 

■ As the feed was zero in this case# the cathode 
boundary was not displaced. The piofile of the anode 
surface obtained after each full cycle has been plotted 
(Pig. 2.26). The analysis was conducted for a total of 
8 cycles. As can be observed f 3 X>m Fig. 2.26, the amount 
of machining varies in accordance with the duty cycle 
for each segment. 



Distance otor^ Y-qmis, 



Fig. 2.26 Variation of Wdricsurfoce with butyc^ief Theo- 
retical) 
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(ii) In the second case, effectively there were two 

* 

segments* The voltage was applied to the segment 1 for 3 s 
while the voltage was applied to -the segment 2 and 3 for 
6 s. The same process of computation was used to obtain 
the configuration of the workpiece. The results for 
8 cycles are as shown in Pig. 2.27. 

(iii) In this case the effect of the feed was also 
incorporated. A feed of 0.013 mm/ cycle was given to the 
cathode. The duty cycle for eacii segment was different. 

As shown in Pig. 2,28 ,it was 3 s for the segment 1, 6 s 
for the segment 2 and 9 sfor the segment 3 . 

The computation was done up to the eighti cycle. 

It can be observed from Pig. 2.28 that the worksurface 
is approaching a steady shape. 

2.3 CASE: 2 SQUARE COMPOSITE TOOL: 

In the present work an additional composite tool 
has been suggested to generate the cavities or the vfork~ 
geometries which are not axi symmetric. The composite 
tool under consideration consists of square faced pieces 
of copper. Each piece is separated from the other by a 
thin coating of insulating material. Ihe tool contains 
an eight by eight matrix of such elements (Pig. 2,12). 

Each element is separately connected to the negative side 
of the power supply. By designing a proper control 




Fig. 2*27 Variation of Workturfaci with duty cycio (thooroticolj 



Distance along Y-axis, cm 



Fig. 2.28 Variation of Worftsurface with Dutycycle (Theoretical 
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circuit, each elonent of the cathode can be connected to 
the circuit for different intervals of time* A micro- 
processor will be needed to control the duty cycle of 
each element, 

Ihe use of different duty cycles for eacSi element 
will result in varying amount of the metal removal under 
each tool piece. Thus, this composite tool can be used 
to pax»duce different shapes. 

Here also, it is essential to obtain the poten- 
tial distribution across the electrode gap to predict the 
final configuration of the worksurface. Ihe potential 
distribution can be found by solving the Laplace's equa- 
tion for specified boundary conditions. The Laplace's 
equation in the three dimensional form is as follows; 



As in the case of the annular tool, the numerical 
solution to this equation requires specification of the 
coordinates of both the cathode and the anode sxirfaces. 

In this case, the coordinates have been defined by an 
equispaced cubical mesh (Pig. 2.31a), Each grid point' is 
specified by a set of coordinates i, j and k (Pig, 2.31b). 

The simplified form of the Laplace's equation 

•f 

using the finite difference raeiliod can be written as> 
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0 (i4l, J, k) +0 (i-1, j, 3c) + 0 (i, J+1, Ic) - - 

+ 0 (i/ j-1 , 3c) 4- 0 (i/ j, 3c+l) + 0 (i/ J, 3c~l) 

- 6 0 (i, j, 3c) = 0 2*32 

where 0 (i/j) is the potential at a grid point* 


The details of the derivation of equation are 
given in Appendix B, Prom equation (2,32) it is clear 
that if the potential at the 6 neighlxiuring points are 
3cnown then the potential at a point can be estimated. 

The 3x)undary conditions in this case are speci- 
fied as follows: 


(1) the potential at the grid points on the cathode 
is ta3cen as 0 Volts# 

(2) the potential at the grid point on the anode are 
fixed at a specified value V (which is 10 V, in 
the present case ) , 

(3) ^ = O and ^ = 0 at grid points on the surfaces 
enclosing the mesh from the four sides. This 
condition is incorporated hy applying mirror 
symmetry# 

( 4 ) = 0 # in the segment which is not connected 
in that particular time interval. 


An initial value of the potential is assumed 
for all the grid points except the grid points on -the 
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anode and tile cathode. Bhe above boundary conditions 
and the initial values when substituted in the following 
equation 

[0 (i+1/ j/ Ic) +0 (i-1, k) + 0 (i, j+1, k) 

+ 0 (i/ j-l/ k) +0 (if j, k+1) + 0 (i/jV k+1) 

+ 0 (i, jf k-1)] - 6 0 (if j) = R 

yields a value of R which indicates the deviation by which 
the assumed potential distribution differs from the correct 
potential distribution. The maximum value of R over the 
field is minimized to get the final solution. 

From this potential distribution^ grad (0) can 
be found out. Then using equation (2,21) the amount of 
material dissolved can be computed. 

Due to the dissolution of metal from the anode 
surface/ the boundairy gets displaced. The new anode 
surface may no longer contain the grid points. The linear 
interpolation is used to evaluate the potential distribu- 
tion on the grid points near the anode surface. 

Repeating the same process/ depth of cut for a 
finite time is determined. The computation is repeated 
till the change in the shape of the anode surface becomes 
negligible. 

The above steps have been incorporated in a pro- 
gram, Ihe flow charts illustrating the prxjgramme are 
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shown in Figs. 2.32, 2.33, 2.34, and 2.35. 

This analysis was restricted to one quadrant 
of the composite tool. This was done for the ease of 
computation. The surfaces which have been generated are 
symmetric in shape. This surface pattern obtained can 
easily be extended to all the quadrants. The size of 
each elenent was fixed as 1 x 1 rtm . 

The following two cases were taken up: 

(i} Pour segments were identified on the tool as 

shown in Pig, 2.36, The duty cycles for the segments 
1, 2, 3 and 4 were set as 3s, 6s, 9s and 12 s, respec' 
tively. The full cycle time was 12 s. The electrode gap 
was initially set as 0.5 mm. The space between the tool 
and the workpiece was divided into a mesh of 0.1 x 0,1 
X 0.1 risn size. 

The above data, when fed to the program gave the 
electrode gap after each cycle. A specified feed of 
0 . 03 / cycle was also incorporated at the end of each cycle. 
The isometric view drawn from the results, obtained after 
the 8th cycle, is shown in Pig. 2.37. 

(ii) As shown in Pig. (2.38), the tool was divided 

into eight segments, Ihe duty cycle for each segment 
was as ;^own in the figure. The total cycle time was 16 s. 
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The tool was inoved by a distance of 0,06 rtim, after the end 
of each cycle* 

The mesh size used was same as that in iiie first 
case. Electrode gap after eacih cycle of machining was 
computed. The results obtained at the end of the eighth 
cycles have been used to draw the isometric view shown in 
Fig. 2.39. 



AHOOE SURFACE 



tCM •0.1 MM 


Fig. 2.39 Ifomotrk: Vioy#. 




of Worksurigco (2l 


CHAPTER- 3 


EXPERIMENTAL DETAILS 

3.1 INTRODUCTION; 

A theoretical analysis has been described in 
the previous chapter. Here# the basic features of the 
experimental set-up havobeen discussed. 

The schematic arrangement of the electrochemical 
machine is shown in Fig. (3.11). The tool which is fixed 
to the tool holder is connected to the negative terminal 
of the power source. And the workpiece which is mounted 
on the fixture is connected to the positive D.C. power 
supply and the fixture i's insulated from the base. The 
electrolyte is passed throtogh the hole, provided in the 
tool. The electrolyte which is splashed out from the 
gap between the electrodes is collected in the sink and 
recirculated. Tool is fed by means of a linear feeding 
device. A quick withdrawal system is provided. In 
this case the feed was controlled by a stepper motor 
through a EC-S5 microprocessor. 
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3.2 COMPOSITE TOOL DESIGN; 

In the present work the experiments have been 
restricted only to the axisymmetric cese. And for this 
a cylindrical tool with annular sections has been designed. 
This is a three core tool as shown in Fig. (3.21). The 
tool has b’^en designed with the aim to apply constant 

voltage to the different sections for different intervals 
of time^ 

The tool consists of three concentric cylinders 
of sarne thiclcness (2*5 mm) but of different lengths# 
inserted one inside the other. All the three layers were 
separated with an insulating material (Bakelite). A 
terminal was attached to each of the copper layers to 
supply the necessary voltage and current at -Uie time of 
machining through a relay. 

3.3 S^'JITCHING CIRCUIT; 

In the present experiments/ it is important to 
control the elements of the electrodes for individual 
timings. For synchronising the ON/OFF time of the three 
elements of the electrode, a switching circuit was designed 
using a monostable multivibrator. The circuit (Fig. 

3,31) consists of NAND, NOR Gates, rronostable multivi- 
brator (retrlggerable) , drivers and relays, A nK^no— 
stable multivibrator is a flip-flop device but has one 
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stable state and one memory state. That is, \dien it is 
triggered, the output (Q) set to logic 1 and remains set 
for a predetermined length of time. 'When this period of 
time lapses , the output automatically returns to logic 
'o', and the device has then returned to its stable state. 
An external resistor and ca'oacitor (R and C) which serves 
as timing components precisely determine the delay period. 
The complementary output ( Q ) is used to trigger the 
second multivibrator (with another set of timing compo- 
nents) and so on. The oul^ut Q of predetermined time is 
fed to the driver circuit which inturn operates the relay 
switch. This process of triggering and retriggering 
goes on till the reset switch is pressed. For the pre- 
sent experiments the timing constants are chosen as 3 S, 

6 S and 9 S in different combinations. 

The Fig. 3.32 shows ihe various corrponents of 
the experimental set up. 

3,4 experimental PROGEDtJRE: 

To study the effect of the composite tool on 
anodic dissolution experiments were conducted on the ECM 
set up. Machining was carried on mild steel workpieces. 

A particular initial gap was aajusted to give -Uie maximum 
alssolution. The following three experiments were con- 


ducted: 
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(1) Rectifier (20 V - 750 A DC) 

(2) Stepper motor (3) Composite tool 

(4) DC power supply (30 V - 10 A) 

(5) EC-8S Microprocessor (7) Timing circuit ’ 
(8) Relays 

Pig, 3,32. Experimental Set up 
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Expt.l 


Expt.2 


Sxpt.3 


*. In this case ■the duty cycles were set in sudi 
a manner that the inner/ middle and outer 
sections were kept on for 9 S, 6 S and 3 S 
respectively. The voltage was applied sequen- 
feed was kept zero. The initial 
gap was adjusted at 0,5 mm. 

The depth of cut was measured after 25 minutes 
of machining. The profile was measured on M320 
carl Zeiss prof ilometer. From Fig, 3,41 . it 
is clear that the depth of cut in different 
sections correspond to the duty cycles. 

. As shown in Fig, 3,41' on-time for the inner 
section was 3 S/ v\here as the on— time for the 
other two sections was 6 S, The tool was not 
given any feed. The result obtained after 20 
minutes of machining have been plotted (Fig. 
3.41a) . 

The on-times for the inner/ middle and outer 
sections were 3 S/ 6 S and 9 S respectively. 

The tool was moved by a feed velocity of 0,6 
mm/min after each cycle. The anode profile 
obtained after 15 minutes of machinir^ i:s 
as shown in Fig. 3.41' , 




Fig.3.*1 Variotipft of worksurt- vith D-Jty cycle (Experimental) 



CHAPTER-4 


RESULTS, DISCUSSIONS AND CONCLUDING REMARKS 

The results of the theoretical analysis of the 
annular tool for ■^ree different worTcing conditions are 
given in Pigs.2.2f, 2.2? and 2.2&, In all these cases, 
the variation in the worksurface was achieved by suitably 
controlling the duty cycle of the individual tool segments. 

Pigs. 2,2^ and 2,20 show the first two cases. 

In both the cases the tool was not provided with any 
feed motion. It is clear from the profiles obtained after 
each cycle that the amount of material removed depends 
on the duty cycle. The experimental results were obtained 
under the same conditions for which the theoretical 
analyses were condugted. Pig. ^.41^ shows the experi- 
mentally generated worksurface. Prom the experimental 
results, it is clear that the amount of machining under 
each segment is proportional to the on-times. However, 
it was not possible to match the experimental and theore- 
tical results very closely as the theoretical results were 
not computed for the total time used in the actual opera- 
tion (in case of zero feed a stable work conf iguratipn 
cannot be obtained). 


I 
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In the third case, a feed of 0.018 innV’ cycle 
(0,6 rniti/min) is also associated with the tool. It is 


seen again that the deptii of cut varies as expected along 
the radius (Fig. 2,2g). From Fig. 2.2^, it is clear that 
the worksurface is gradually approaching a steady confi~ 
guration. Fig, 3.41’^ shows the eq^erimental results for 
similar conditions for which the theoretical analysis was 
done. It can be seen that the ratios of the step heights 
correspond to the respective on-time ratios (Fig. 3.41l). 

Ihe variations of the theoretically obtained 
worksurface are sharp where as the steps are smoother 
in the experimental case. Ihis may be due to the fact 
that the insulation thickness in the composite tool was 
0,5 mm, where as in the analytical model it was assmed 

to be zero. 

The theoretical results obtained for the square 
composite tool are given in Figs. 2.37 and 2.39. In the 
first case, the duty cycle for each segment was as shown 
in Fig. 2,36. The isometric view, shown in Fig. 2,37, 
was drawn from the results obtained after the eighth 
cycle. It can be seen that the depth of cut under each 
elment is in accordance with the duty cycle- The shape 
of the anode predicted for one quadrant of the tool 
indicates that when extended to the co:^lete tool, a 
diamond shaped cavity will be obtained. 
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In th-e s-econd case- the -Isometric^-v-iew ^Fig, 2.39) 
shows two parallel slots. The depth of cut increases 
from one end to the other end of the slot. But the slope 
and the depth of the two slots are different. The above 
surface was achieved due to the different duty cycles used 
for the different segments. 

In the three dimensional as well as the axi sy- 
mmetric case# it is obvious that onoe the cavity is formed 
on the worTcsurface# the electrode gap no longer remains 
uniform. This will result in the separation and the 
cavitation during the electrolyte flow. Therefore# care 
should be taken to design the electrolyte flow to avoid 
turbulence# separation and vortices. 

Prom the present work it can be noted that the 
time of machining is one definite parameter vhi<±i affects 
the material removal rate. Thus by applying a constant 
voltage with a combination of different duty cycles in 
the elonents of the composite ECM tool# various patterns 
could be obtained. 

In case of the composite tool with large number 
of elements# accurate control of the profile of the work- 
surface can be achieved. A microprocessor should be iised 
to control the potential duty cycles of the individual 
elements. Any desired shallow engraving can be obtained 
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by feeding a proper programtne to tiie micro-processor. 
Apart from the direct use/ this tecJinigue can be enployed 
for making finer adjustnents in the workgeometry machined 
by some other process. 

In the present work, effects of many important 
parameters/ such as the electrolyte flow/ the overpoten- 
tial/ change in the electrolyte conductivity etc. have 
not been included. Still/ the results show that it is 
practicable to use the proposed new concept. 
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APPENDiX-A 


The LaplaiSe^s 'sqiiation in two dimensional 
cylindrical cfxDordin^tes is as follows: 


but 


dr' # * -dr = 


0 


( 1 ) 


where 0 = (r/r z) 

dot re spending finite difference equation is 




i 4 £ _ 

r 6 r ■ 


or - a 


) 


( 2 ) 


( 3 ) 



where ^ (1> j) is the potential at any point 

(i>j) 

a is a side of square mesh 

'.5^ ^ j). V^iI r . 

5 ._ 1 _ 


20(r, ,T) ,( 4 ) 

•a 


a 


TaT<’ing ax i symmetry r ■= ia and z * a 

'll f\ '(^ H {‘I'+'l/i. 1. ^ ('i-l# ) 


( 5 ) 


'C- 6 '> 
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( 4 ) ( 5 ) .na ( 6 , 

211+1,1) - la r, .. (2)< it becomes 



Simpllfyit^ above ecma+i„ 

equation we get, 

^ ^i+1/ j) (i ^ 1 ] ^ , 

'1 + 21^+2 ( 1 - 1 , J ) (1 . 1 .) 

2 i ^ 


Therefore 


[0(1+1, j) (1 + Ij) + j2f j ^ ^ 

21 ^ 

+ ( 1 / J+ 1 ) (i,j.i )]/4 



APPINDIX-B 


The Laplace'^ s equation in three dimensional 
cartesian coordinates is as follows: 

* 

x~ o ^ 

where 0=0 (x/V/z) 

corresponding finite difference equation 


d = 


& 

■d 2 ' 


0 


( 1 ) 




^ =0 





( 2 ) 


hut 


0 _ 0 ( i +1 / j _:z_ , L i , / J‘ f ^ . 1 (3) 


where 0 (i.j/lc) is potential at any point 

(i/ 

a is a side of cubical mesh 





O X 


r. Jl-Ulli ] /a 
a 

g ( 1 + 1 . + jZ ' 

a 

( 4 ) 


6 


similarly 


5% gU 

( 5 ) 
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substitutiiig the equations (4), (5) and (6) in eq, (2) 
we get; 

0(i+l,.i,k ) - 2j2f (i ,J_£]c)_ + ^ (1~1. 1 ,10 

'T 

a 

+ -20(i,jMc) 4 0(i,j-l,k), 

^ 2 

a 

. ~20( i,ioo _.t i2L(i^uJs:iil _ 0 

T 2 

a 

Therefore 

[{Zf(i+l,j/l<) +0(i-l/j,lc) +0(i,jtl/lc) 

+0 (i,j~l,k) +0 (i,j,k+l) + 0(i, j,k-l)]/6 

= 0 (i,j,k) 
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